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In this study, we examine the mechanism of nanopore-based DNA sequencing using a voltage
bias across a graphene nanoribbon. Using density function theory and a non-equilibrium Green’s
function approach, we determine the transmission spectra and current profile for adenine, guanine,
cytosine, thymine, and uracil as a function of bias voltage in an energy minimized configuration.
Utilizing the transmission current, we provide a general methodology for the development of a three
nanopore graphene-based device that can be used to distinguish between the various nucleobases for
DNA/RNA sequencing. From our analysis, we deduce that it is possible to use different transverse
currents across a multi-nanopore device to differentiate between nucleobases using various voltages of
0.5, 1.3, and 1.6 V. Overall, our goal is to improve nanopore design to further DNA/RNA nucleobase
sequencing and biomolecule identification techniques.
I. INTRODUCTION
Advances in medicine and the understanding of
biomolecule interactions is on the forefront of DNA (de-
oxyribonucleic acid) sequencing research1,2. Errors or
mutations in the nucleobase coding sequence have been
shown to lead to the deregulation of gene products in-
cluding proteins and enzymes3. These coding errors can
be caused by various environmental factors like radiation
or chemical exposure and even viruses, which can lead to
many diseases like cancer4. Therefore, there is a unique
need to identify variations in genes with the resolution
of individual nucleobase sequences, which can help lead
to advances in medicines and therapies for a wide vari-
ety of genetic-related diseases as well as cancer5. With
the human genome project working towards the ability to
sequence hundreds of genomes more efficiently and cost
effectively6,7, the ability to sequence DNA or RNA (ri-
bonucleic acid) down to the individual nucleobase is in
great demand. Technologies that can help sequence and
compare multiple genomes more accurately could lead to
the possibility of diagnosing and developing treatments
for patients within a personalized medicine approach.
There are numerous approaches for nucleobase
sequencing8–10, where the most common technique is the
Sanger sequencing method that uses a chain termination
approach11. More recently, there have been a number
of next generation sequencing methods that have gained
attention12,13, but many of these methods are either in-
efficient and/or very expensive. However, one major av-
enue for individual base sequencing is the use of nanopore
technology, where a single DNA/RNA strand (ssDNA or
ssRNA) is drawn through a nanoscopic pore in a con-
ductive material and measurements of variations in the
optical or electronic properties can be used to identify
the individual bases.
Nanopore-based technology has the potential to be an
efficient method for nucleobase sequencing14–19, as well
as an identifier of other biomolecules for various biologi-
cal sensors. There have a number of realizations of this
technology using gold and other material substrates20.
However, the thickness of the nanopore is critical for the
identification of individual nucleobases due to resulting
noise and resolution problems21–23, which has led to a
number of publications suggesting the use of 2D materi-
als for nanopores because the atomically-thin materials
provide the proper resolution needed for individual base
identification27,28. However, while nanopores can yield a
superior resolution, there are many challenges regarding
strength, durability, and overall systematic noise. There-
fore, the design and material makeup of the device must
∆V = V
1 
∆V = V
2 
∆V = V
3 
FIG. 1: Schematic representation of nanopore sequencing de-
vice consisting of three graphene nanoribbons.
2address these challenges.
Recently, graphene has been suggested as a possible 2D
nanopore material due to its increased electron mobility
and its high tensile strength27,28. Graphene consists of
an atomically thin layer of carbon atoms arranged in a
honeycomb lattice (Fig. 1)24, where the lattice struc-
ture and sp2 hybridized 2D graphene sheet with dan-
gling p-orbitals contributes to its large tensile strength
and allows for conductivity of the valence electrons25,26.
Therefore, the use of graphene nanopores will provide
the electronic conduction and material strength needed
while also having the necessary atomic resolution. While
this addresses the durability and strength issues, it has
been shown that the device setup can greatly reduce the
general noise to signal ratio through the use of multiple
sequential nanopore ribbons (shown in Fig. 1), where
the use of three separate nanopores help to reduce and
distinguish random and systematic noise parameters27.
In this study, we examine the viability of a multi-
nanoribbon graphene nanopore device as a nucleobase
sequencer. Using density functional theory and a non-
equilibrium Green’s function (NEGF) method, we simu-
late transmission spectra and calculate the ballistic cur-
rents and tunneling conductance as functions of voltage
bias for adenine (A), thymine (T), cytosine (C), guanine
(G), and uracil (U) translocating through the graphene
nanopore. Through the analysis of I-V curves, we show
that by applying various bias voltages across a graphene
ribbon for the general, energy-minimized position of the
translocated nucleobase, it is possible to distinguish in-
dividual bases using the resulting current. Furthermore,
we provide a general mechanism that can be used for
identification of the nucleobases with specific voltage bi-
ases.
II. COMPUTATIONAL METHODOLOGY
For our simulation, we construct a graphene nanorib-
bon structure with a single 0.5 nm nanopore in the cen-
ter. Hydrogen atoms were used to passivate the dangling
bonds of the dangling orbitals of the carbon atoms at
the edge of the nanoribbon and nanopore, which pre-
vents the nucleobases from bonding to the nanoribbon
and provides stability translating molecule. In addition,
we place electrodes at each end of the ribbon that will
simulate with a finite voltage bias (shown in Fig. 1).
To help isolate the individual base responses, the
sugar-phosphate backbone, typically found in ssDNA, is
ignored, and only the individual nucleobases are placed
in the nanopore. The backbone produces noise that can
interrupt the current response. However, since the back-
bone will produce a systematic noise, previous studies
have shown that analysis of cross-correlations between
multiple nanoribbons can be used to reduce and possibly
eliminate the systematic noise, as well as thermal and
fluid fluctuations due to general flow of the DNA through
the nanopore27. Calculations were performed on a single
nanopore graphene nanoribbon and one individual nu-
cleobase in a translocating position of 60◦ determined
through molecular dynamics simulations32.
Using Atomistix Toolkit (ATK) by Quantumwise R©,
we performed density functional calculations using a gen-
eralized gradient approach (GGA)29–31. From a NEGF
method, we determine the transmission spectra for each
base and various voltage biases. The transmission spec-
tra is then determined from the transmission coefficient,
T (ω, V ) =
∑
k
∑
nl
tnl(ω,k, V )t
†
ln(ω,k, V ), (1)
where tnℓ(k) represents the transmission amplitude from
ψn(k) in the left (L) electrode to ψℓ(k) in the right (R)
electrode. This is determined through a calculation of the
Kohn-Sham Hamiltonian and the density matrix, which
is given as
D¯ =
1
pi
∫ µL
−∞
G¯(ω)Im[Σ¯L]G¯(ω)†dω
+
1
pi
∫ µR
−∞
G¯(ω)Im[Σ¯R]G¯(ω)†dω.
(2)
Here, G¯(ω) is the retarded Green’s function and Σ¯ is the
self energy for the left and right electrodes33. The chem-
ical potentials of the left electrode, µL = E
L
F − eVL and
the right electrode, µR = E
L
F − eVR are defined relative
to the Fermi level of the left electrode ELF . and related to
the applied bias through µR−µL = eV and V = VL−VR.
Using various simulated voltages, we determined
the current versus voltage for each nucleobase in the
nanopore. The current is independent of how the left
and right voltages are applied and only depends on volt-
age bias or difference.
III. RESULTS AND DISCUSSION
Figure 2 shows the calculated transmission coefficients
as a function of energy for the graphene nanoribbon with
a single nanopore for V = 0.0, 1.0, and 2.0 V. The dif-
ferent panels show the various base configurations in the
nanopore (empty, adenine, cytosine, guanine, thymine,
and uracil). In this calculation of the transmission spec-
trum, the background contribution from the large phos-
phate backbone is ignored, since the background noise
from the heavy and rigid backbone structure can be iden-
tified and subtracted from the general spectra.
Through an integration of transmission coefficient, the
ballistic current for nucleobase can be calculated as a
function of voltage
I(V ) =
e
h
∫ ∞
−∞
T (ω, V )
[
nF (ω−µL)−nF (ω−µR)
]
dω (3)
3FIG. 2: Transmission coefficient as a function of energy for the graphene nanoribbon with an empty nanopore (a), adenine (b),
cytosine (c), guanine (d), thymine (e), and uracil (f) in the nanopore.
where nF is the Fermi function and voltage is defined
as the difference between the left and right electrode
chemical potentials, µR − µL = eV .
In Fig. 3(a), we show the calculated current as a
function of voltage for the various nucleobases (adenine,
thymine, guanine, cytosine, and uracil), where the empty
graphene nanopore is presented in the inset. From this
data, there are distinct voltage pathways for the differen-
tiation of all bases. The sudden rise in current at 1.3 V
is due to the presence of the nanopore in the simulation
and can be traced back to the graphene itself. Since the
simulation assumes a nanopore on the size order of the
nanoribbon itself, there is a critical voltage for which the
empty graphene nanopore will not produce a current due
to a structurally induce energy gap. Therefore, once 1.0
V is achieved, electrons can overcome this energy barrier
and produce a sizable current. If no nanopore existed,
then the graphene nanoribbon would have its normal con-
ductivity. Therefore, the presence of a nucleobase allows
for current to be drawn through the nanoribbon at volt-
age differences lower than 1.0 V.
From the current, the tunneling conductance (dI/dV)
4FIG. 3: Current as a function of voltage for all nucle-
obases (adenine, guanine, cytosine, thymine, and uracil) in
a graphene nanopore. The inset shows the current as a func-
tion of voltage for a lone graphene nanopore ribbon. The
critical voltage in the graphene is due to the presence of the
nanopore and not an intrinsic property of graphene.
TABLE I: General response for each DNA and RNA nucle-
obase in a three nanopore setup.
Nanobase V1 (0.5 V) V2 (1.3 V) V3 (1.6 V)
Adenine low high low
Guanine low low low
Cytosine high high low
Thymine (DNA) high high high
Uracil (RNA) high high high
(shown in Fig. 4) can be determined through a differenti-
ation of the I-V curve. Therefore, there is the possibility
that topological probes can be used to examine the in-
dividual bases as well. This may be useful for scanning
tunneling microscopy.
From Fig. 3(a), there are specific voltages that produce
distinct current variations. Therefore, in order to pro-
duce a nanopore device that can distinguish individual
nucleobases, the use of multiple nanoribbons is needed.
FIG. 4: The tunneling conductance as a function of the volt-
age for the nanopore and various bases translocating through
the nanopore. The transmission spectrum is shown for volt-
age biases of 0.0 V, 1.0 V, and 2.0 V.
This is not a problem since multiple nanoribbons are
needed for the appropriate noise reduction. Figures 3(b)-
(d) zoom in around the characteristic voltages (V1, V2,
V3 as illustrated in Fig. 1) for nucleobase differentiation
are 0.5, 1.3, and 1.6 V, respectively. Through a com-
parison to background, the utilization of these voltages
allows us to distinguish each base by evaluating a high
or low signal or current response. This is shown in Table
I for all nucleobases.
Figure 5 illustrates the methodology needed to charac-
terize the bases. The first nanoribbon will provide a small
voltage bias (V1 = 0.5 V), and will be able to determine
pairs of bases by have a low (A or G) or high (C or T)
current compared to the normalized baseline. The nucle-
obase will then pass through a second nanoribbon with a
moderate voltage bias (V2 = 1.3 V), which can be used
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FIG. 5: Illustrates the differentiation pathway for the bases
translocating through three nanopores for DNA bases (a) and
RNA bases (b). This reveals the distinct possibility for the
use of graphene nanopores as a sequencing device.
to identify either G (low) or A (high) assuming a low first
voltage. The third nanoribbon at a higher voltage bias
(V3 = 1.6 V) will be used to determine C (low) and T (or
U) (high). Once the nucleobase has translocated through
all three nanopores, the characteristic current sequence
will allow for the identification of the individual base.
IV. CONCLUSIONS
Graphene has been shown to be a potential material
for nanopore-based sequencing, due to its atomic thick-
ness and relative strength. Using density functional cal-
culations, we find that the five nucleobases, including
uracil, can be distinguished through the use of multiple
nanoribbons using variable voltage biases. From the sim-
ulated transmission spectra, we calculate the I-V curves
for these nucleobases. By examining specific differences
in the calculated current, the precise nucleobase that is
translocating through the nanopore can be determined.
We focus on voltages of 0.5, 1.3, and 1.6 V as a proof of
principle for a specific nanopore sequencing device.
Future work includes performing conductance calcu-
lations for specific voltages for a better microscopic un-
derstanding as well as looking at surface plasmon reso-
nances. In addition, increasing the size of the calculation,
such as a large nanopore or a full DNA strands calcu-
lation. Further investigations include a time-dependent
translocation through the nanopore that includes ther-
mal fluctuations. Here, we focused on graphene as possi-
ble 2D materials. However, there should also be a push
forward with other 2D materials for comparison.
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